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Abstract
We elaborated a logically closed theory of the conductivity of nano-structured semiconductor material (NSSM) valid
in a large range of grain sizes a. It is shown that high sensitivity to electronegative gases (O2,  F2, etc.) is observed,
when the grain size lies in a range of aSH < a < aCR, where aCR – is  a critical  size of a grain,  below this size charge
carrier self-exhaustion regime takes place; aSH – is a grain size, below which the mechanism of superficial hopping
conductivity predominates. This hopping mechanism excludes gas sensitivity of the material. Theorem of gas
sensitivity of NSSM and the rules of the selection of nano-structures prospective for the fabrication of sensing MOX-
layers are formulated.
© 2011 Published by Elsevier Ltd.
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Motivation and results
Nano-structured metal oxide semiconductors (SnO2, In2O3,  ZnO,  etc.)  are  widely  used  for  the
fabrication of sensors used for the detection of both oxidizing (F2, O2, Cl2, NO2, etc.) and reducing (H2,
CO, hydrocarbons, etc.) gases. Therefore, the elaboration of theoretical models for adequate description
of their electrophysical properties at the interaction with gases is very important for further improvement
of sensing devices based on these materials. Our theory developed using as an example tin dioxide
enables the calculation of sensing layer conductivity ı as a function of the concentration of
electronegative gas interacting with this layer.
This theory is based on the model of charge carrier self-exhaustion (CCSE-model) presented in [1].
According to this model, a decrease in structural particle size a below aCR~50÷100 nm, leads to an effect
of charge carrier self-exhaustion of semiconductor that is to re-distribution of electrons from bulk donors
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to surface vacations – Tamm or Shokley traps, – to the formation of double layer (Weisz layer) near the
particle surface, and to the deformation of electron band boundaries. These processes lead to a dramatic
decrease of electron concentration by three – four orders of magnitude [2] (Fig. 1).
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Fig. 1. Electron density as a function of particle size according to
the CCSE theory for SnO2 (aCR=90nm).
Fig.2. Formation of a contact barrier between granules with
height aVS ~  (a <aCR).
Further development of the CCSE theory allows us to elaborate a model permitting the evaluation of
the potential barrier VS, arising on the grain boundary surface (Fig. 2). In this model, it is accepted, that
the scale of grain interpenetration is determined by the characteristic size of spatial spread of Tamm states
near the surface į ~  1  nm.  In  order  to  get  from  one  granule  to  another,  the  electron  overcomes  the
Coulomb repulsion of the electrons occupying surface states in the contact area. The average distance
between them is )/(/1 CRSCRS aMaMl   , where SM  is the density of states on the surface of the grain
with diameter a < aCR occupied with electrons, CRSM  is the limit value of this density at a > aCR. The most
probable path of the electrons that crosses the local minima of the potential relief. The presence of surface
states occupied by electrons gives rise to a contact barrier between the grains with a height
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Thus as a decreases the height of this barrier decreases down to zero as aVS ~ . Given this barrier,
we estimate the electron mobility )exp(0 kTVSe | PP , where 2000 |P cm
2V1s1  is the mobility in a
single crystal of SnO2. Temperature dependence )(TeP , provided in the [3], leads to 15.0|SV eV when
a=30 nm.  According to our theoretical estimate 12.0|SV eV.
In the CCSE theory [2], only the conductivity due to volume conductance electrons is taken into
account. However, in the limit of aĺ0 main contribution to the conductivity of the material is given not
by  the  volume  charge  movement,  but  by  the  movement  of  electrons  on  the  surface  of  grains.  Such
movement is due to tunneling of electrons between neighboring Tamm states at the surface (Fig. 3).
Tunneling events are quite probable, since the distance between neighboring states is about 5 to 10 Å.
Fig. 3. Quantum transitions between neighbor superficial states (Tamm states) in electric field E assure additional superficial
hopping conductivity of the material ıSH.
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In the limit of aĺ0, when neĺ0, the conductivity cannot be described by the standard expression. The
general expression for conductivity should be written as shopeene VPV  .
Consideration of the case of an arbitrary morphology of a nanostructured materials is a very
complicated problem.
We limited our consideration by the case of simple regular structure consisting of cubic grains shown
in Fig. 4. In this morphology, the problem can be solved completely analytically.
Fig. 4. Model of cubic grains. The direction of the applied electric field is indicated by an arrow.
Using the formalism analogous to those used in the paper of Miller and Abrahams [4] we obtained an
analytical expression for the superficial hopping conductivity:
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Here the first exponential factor describes the effect of electron tunneling, and the second one – the
energy exchange between electrons and phonons. The last factor describes momentum exchange between
electrons and phonons.
Using the speculations analogous to the Mott approach (variable range hopping) [5], it is possible to
determine the length of electron hops giving the most important contribution to the superficial
conductivity. At low temperature (T << 50 K), when the last factor in formula (2) is close to unity, the
functional dependence of SHV  is reduced to the formula  3100 )(exp)( TTTSH  VV . The difference
from known Mott function is related with two-dimensional character of electron motion in our case.
At higher temperature corresponding to working range of sensor temperatures (500-600 Ʉ), the “bottle
neck” is the process of momentum transfer from electrons to phonons (the last factor), while the
superficial hopping conductivity with high precision can be considered as constant.
It follows from the calculations that for the parameters, typical of SnO2, the contribution of this
mechanism of conductivity of NSSM predominates at a < aSH, and the value of aSH is equal to 3 y 5 nm.
From the  model  developed in  the  paper  it  is  possible  to  obtain  a  general  expression  for  the  value  of
NSSM conductivity as a function of geometrical and detailed energy parameters of the material (Fig. 5).
The model also allows to calculate gas sensitivity dPd /ln~ V 3  (where P – partial pressure of gas, for
example, F2),  which  enables  us  to  judge  on  the  applicability  of  a  material  for  the  fabrication  of  gas
sensors (Fig. 6).
Detailed analysis shows that the values of conductivity ıSH and sensitivity 3
~  obtained for most simple
geometry are the upper estimation, of the values, which can be obtained for more complex structures.
Therefore, our idea developed in this paper and in the theory of charge carrier self-exhaustion [2] can
be formulated as a theorem of gas sensitivity.
A necessary condition for gas sensitivity of the NSSM is the following condition:
ai > aSH   (for all i) for each of the geometric size ai of the material structural element.
Sufficient condition for the existence of gas sensitivity, once the necessary condition is fulfilled, is the
presence of at least one geometric size ai of structural element, satisfying the requirement
ai < aCR   (for at least a single i; the size ai is measured in space filled by substance).
E
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Fig. 5. Conductivity of the SnO2 NSSM as a function of grain
size at T=500qK: 1 – taking into account the superficial hopping
conductivity; 2 – without hopping conductivity; 3 – taking into
account the mechanism of hopping conductivity in presence of
20 ppm of fluorine.
Fig. 6. The sensitivity 3~ = V1dV /dPF2 of the SnO2 NSSM as
a function of grain diameter without taking into account hopping
conductivity over Tamm states (curve 1) and taking into account
this mechanism (curve 2). The value of 3~  is given in atm-1
units.
Using this theorem, it is possible to formulate the rules for the choice of prospective materials for the
fabrication of gas sensing layers from the point of view of their grain geometry.
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